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AB3TRACT 

Simultaneous  measurements  were  conducted  in  a  wind-wave 
tank  of  the  ripple  slopes  with  an  optical  instrument  and  of 
the  carrier-wave  profiles  with  a  wave-height  gage.  The  experi¬ 
ments  were  conducted  under  various  wind  conditions:  either 
steady  or  unsteady  wind  blowing  over  pre-existing  regular  sur¬ 
face  waves.  The  data  were  analysed  to  determine  the  slope  dis¬ 
tributions  of  ripples  located  on  various  portions  of  the  carrier- 
wave  profiles  under  steady  wind,  and  the  differential  roughening 
and  smoothing  of  the  carrier  waves  under  unsteady  wind.  The 
Influences  of  pre-existing  waves  on  the  structure  of  the  wind 
boundary  layer,  and  on  the  slope  statistics  of  ripples  were  also 
studied. 


1.  INTRODUCTION 

The  wind-disturbed  water  surface  features  ripples  i  Idlng 
on  long  waves.  There  has  been  a  great  deal  interest  in  de¬ 
termining  the  statistical  description  of  the  mi cro3tructure  of 
the  disturbed  surface,  the  pattern  of  ripples.  These  wavelets 
were  considered  (Phillips  1966)  to  be  involved  in  the  Inception 
of  wind  waves  as  well  as  In  the  dissipation  of  wave  energy.  In 
addition,  the  microstructure  was  also  suggested  to  govern  the  re¬ 
flection  and  the  backscattering  of  the  electromagnetic  waves 
(Newton  and  Rouse  197?)  impinging  on,  and  the  radiation  of  thermal 
energy  (McGrath  and  Osborne  1973)  from,  the  air-sea  Interface. 


HYDRONAUTICS,  Incorporated 


-2- 


Some  measurements  (Schooley  195^,  Cox  and  Munk  1956,  Cox 
195o,  Wu  1971a >  1972a)  have  been  conducted  in  the  past  to  de¬ 
termine  the  slope  and  curvature  distributions  of  wind  waves  under- 
various  wind  velocities.  There  is,  however,  a  lack  of  detailed 
studies  of  the  distributions  of  ripples  along  the  profiles  of  the 
carrier  waves  and  the  correlations  of  these  distributions  with 
wind  and  wave  conditions.  Such  distributions  are  helpful  for 
understanding  energy  transfer  processes  from  wind  to  waves 
(Longuet-Higgins  1969,  Wu  1972b),  and  between  wave  components 
(Longuet-Higgins  1963,  Phillips  1963).  These  distributions  are 
also  helpful  for  setting  the  viewing  angle  of  the  microwave  sensor 
over  the  sea  surface  and  Interpreting  results  of  microwave  mea¬ 
surements.  It  should  also  be  pointed  out  that  all  the  past,  measure 
ments  of  ripples  were  conducted  under  steady  winds.  Yet  the 
roughening  of  the  water  surface  by  a  suddenly  started  wind,  and  the 
dissipation  of  ripple  energy  following  a  suddenly  stopped  wind, 
should  be  more  revealing  of  the  mechanism  of  dynamic  Interaction 
between  wind  and  waves,  or  even  among  wave  components.  This  kind 
of  measurement  of  the  microstructure  under  unsteady  wind  is  also 
desirable  for  modeling  the  air-sea  interface,  because  the  natural 
wind  13  generally  unsteady. 

In  the  present  study,  the  carrier-wave  profiles  and  the 
ripple  slopes  were  simultaneously  measured  at  a  fixed  point  in  a 
laboratory  wind-wave  tank  under  various  wind  veiocitles.  For  the 
convenience  of  experiments  conducted  under  a  short  fetch,  pre¬ 
existing  regular  surface  waves  were  generated.  Each  series  of 
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experiments  included  three  phases  with  the  following  sequence 
of  wind  and  wave  conditions;  a  suddenly  started  wind  over  a  calm 
water  surface,  a  steady  wind  over  an  equilibrium  disturbed  water 
surface,  and  a  suddenly  stopped  wind  over  an  initially  disturbed 
surface.  Features  of  the  correlations  between  the  micro-and 
macroscopic  structures  of  the  disturbed  water  surface  under  steady 
winds,  and  patterns  of  the  differential  roughening  and  decay  of 
the  microstructure  under  unsteady  winds,  are  herein  presented. 

2.  EXPERIMENTAL  CONDITIONS  AND  PROCEDURES 
2.1  Equipment 

The  experiments  have  been  conducted  in  a  wind-wave  tank, 
which  is  1.5  m  wide  and  22  m  long.  Mounted  at  the  upwind  end  of 
the  tank  is  an  axial-flow  fan,  driven  by  a  variable-speed  motor; 
a  permeable  wave  absorber  is  installed  at  the  downwind  end.  The 
tank  is  covered  for  the  first  15  m  to  provide  a  0  31-m  high  wind 
tunnel  above  1.24-m  deeo  water.  The  maximum  obtainable  wind  ve¬ 
locity  within  the  tunnel  is  14  m/s.  The  test  section  is  located 
at  the  middle  length  of  the  tank. 

The  tank  is  also  equipped  with  a  mechanical  wave  generator, 
a  flap  with  its  lower  edge  hinged  at  the  bottom  of  the  tank  and 
with  its  upper  edge  oscillated  at  any  desired  frequency  and  ampli¬ 
tude  by  a  motor.  The  fan  and  the  mechanical  wave  generator  can 
be  operated  either  separately  or  simultaneously. 
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2.  )  Wind  and  Wind  Measurements 

The  differential  roughening  and  smoothing  of  the  regular 
waves  were  studied  with  a  suddenly  started  and  a  suddenly  stopped 
wind,  respectively.  The  instantaneous  starting  or  stopping  of 
the  wind  was  achieved  by  means  of  a  curtain  supported  at  the  air 
intake  of  the  fan.  The  curtain  can  be  either  rolled  up  around 
a  metal  pipe  attached  at  its  lower  edge,  or  hung  in  front  of  the 
intake.  When  the  fan  turns,  the  curtain  is  sucked  against  the 
heavy-wire  grid  at  the  intake  to  block  completely  the  airflow. 

For  measurements  of  wave  decay,  the  curtain  is  up  initially  while 
the  wind  blows  steadily  to  build  up  an  equilibrium  microstructure 
in  the  tank.  Subsequently,  the  fan  is  turned  off  and  at  the  same 
time  the  metal  pipe  is  released  to  drop  the  curtain.  For  measure¬ 
ments  of  wave  growth,  the  curtain  is  down  while  the  fan  is  turned 
on  tv.  build  up  the  required  speed.  Subsequently,  the  curtain  is 
suddenly  rolled  up  around  the  metal  pipe,  it  was  determined  that 
one  second  was  required  to  cover  completely  the  fan  section  and 
one  and  one-half  seconds  was  necessary  to  open  it  up  completely. 
Such  an  arrangement  with  the  curtain  is  needed,  because  the  mechan 
leal  Inertia  of  the  fan  makes  it  impossible  *o  either  start  or 
stop  the  airflow  suddenly.  Following  the  lift  or  drop  of  the 
curtain,  the  energy  supplied  by  the  wind  was  either  suddenly  pres¬ 
ent  or  completely  cut  off,  and  the  microstructure  In  the  tank 
varied  rapidly. 

The  velocity  distributions  of  steady  winds  Mowing  over  pre¬ 
existing  waves  were  determined  with  a  pitot-static  probe  and  a  dif 
ferential  pressure  transducer  unit.  The  probe  was  supported 
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success^vely  at  various  elevations  above  the  water  surface.  The 
output  of  the  pressure  transducer,  which  is  proportional  to  the 
square  of  the  velocity,  was  first  fed  to  a  square-root  ci'-cuitry 
and  then  displayed  on  an  x-y  plotter.  At  each  elevation,  the  ve¬ 
locity  was  continuously  recorded  for  a  period  of  seconds.  The 
latter  is  much  longer  than  the  period  of  surface  waves,  and  the 
average  wind  velocity  at  each  elevation  can  be  determined. 

2.3  Waves  and  Wave  Measurements 

Two  types  of  instruments  have  been  used  simultaneously  in 
this  experiment:  a  conductivity  probe  for  recording  carrier-wave 
profiles  and  an  optical  instrument  for  measuring  ripple  slopes. 

The  conductivity  probe  consists  primarily  of  a  partially  sub¬ 
merged  platinum  wire,  supported  vertically  at  the  test  section. 

The  output  of  the  electric  current  1  mowing  through  the  probe  is 
proportional  to  the  submergence  of  the  wire.  The  probe,  however, 
does  not  provide  enough  resolution  Pc  "  measuring  wavelets  that 
ride  on  top  of  long  waves  art*  have  amplitudes  only  a  fraction  of 
ti.e  latter. 

The  optical  instrument  consists  principally  of  a  light  source 
and  a  telescope  and  photomultiplier  unit.  Supported  over  the  wind- 
wave  tank,  the  instrument  can  be  set  at  any  desired  inclination 
from  the  water  surface.  The  photomultiplier  receives  reflected 
light  only  when  the  water  surface  is  normal  to  the  plane  contain¬ 
ing  the  light  sheet  and  the  telescopic  axis.  The  cross  sertlcns 
of  the  light  sheet  is  rectangular  with  a  large  length -to-width 
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ratio  and  with  its  short  side  aligned  with  the  direction  of  the 
wind.  The  instrument  is,  therefore,  insensitive  to  the  crosswind 
slope;  the  angular  tolerance  of  the  instrument  to  the  water  sur¬ 
face  slope  is  about  1°  in  the  longitudinal  (wind)  direction  and 
is  about  20°  in  the  transverse  direction.  During  the  experiment, 
the  instrument  was  set  successively  at  various  inclinations  to 
measure  the  frequencies  of  occurrence  of  the  corresponding  upwind- 
downwind  slopes  of  the  disturbed  surface.  A  detailed  description 
of  the  instrument  has  been  reported  earlier  (Wu  1971a). 

For  the  major  portion  of  the  measurements,  the  outputs  of 
the  wave-height  gage  and  of  the  optical  instrument  were  recordea 
simultaneously  on  different  channels  of  8  tape  recorder.  Details 
of  these  measurements  and  data  processing  -  correlation  bt  tween 
micro-ami  macroscopic  structures,  growth  and  decay  of  ripples 
over  carrier  waves  -  will  bt  discussed  in  later  sections. 

Since  the  wind- Induced  drift  is  known  (Phillips  1973® »  *tu 
1973* )  to  modify  the  propagation  of  surface  waves,  additional 
experiments  were  conducted  to  measure  the  carrier  waves  under 
various  wind  velocities.  As  the  wind  blew  harder,  the  carrier 
wa  es  became  more  and  more  sharply  peaked*  but  remained  regular. 
Two  wave  probes  were  used  during  this  part  of  the  experiment;  - 
the  upwind  probe  was  fixed  and  the  downwind  probe  was  supported 
on  •  sliding  scale.  The  distance  between  probes  was  -adjusted  to 
make  the  wave  signals  .from  two  probes,  monitored  on  the  scope, 
oscillating  in  phase.  This  distance  is  therefore  the  wavelength. 
The  heights  and  lengths  of  carrier  waves  under  various  wind  ve¬ 
locities  are  shown  in  Figure  1.  On  the  other  hand*  the  wave 
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helght  is  seen  to  increase  slowly  at  low  wind  velocities,  more 
effectively  at  medium  wind  velocities,  and  again  slowly  at  high 
wind  velocities  where  violent  wave  breaking  occurs.  The  varia-  . 
tion  of  the  wavelength  with  the  wind  velocity  appears  to  be 
consistent  with  that  of  the  wave  height]  where  the  wave  height 
increases  more  effectively  with  the  wind  velocity,  the  wavelength 
increases  less  effectively. 

2 . 4  Correlation  Measurements 

The  signals  of  the  photomultiplier  produced  by  the  wind- 
disturbed  water  surface  are  light  pulses  having  various  intensities 
and  various  durations.  The  intensity  is  related  to  the  surface 
curvature  (Wu  1972a)  and  the  duration  is  the  period  for  transfer¬ 
ring  under  the  Instrument  a  slope  within  the  slope-tolerance  limit 
(1°)  of  the  optical  instrument.  The  period  and  the  intensity  of 
the  pulse  were  not  measured  here,  and  each  signal  was  reshaped  as 
a  pulse  of  a  constant  duration  and  intensity.  Each  shaped  pulse, 
therefore,  represents  the  occurrence  of  a  given  slope  of  the  water 
surface  regardless  of  its  transferring  speed  and  its  curvature. 

For  the  correlation  measurements  under  steady  wind,  the 
carrier-wave  profile  was  divided  into  four  regions:  upper  and 
lower  halves  oi  either  the  windward  or  the  leeward  face.  A  gating 
device  wp3  designed  for  partitioning  and  collecting  the  light 
signals  from  each  region.  During  the  operation,  the  tape  was 
played  back  at  one  quarter  of  the  recording  speed  with  the  carrier- 
wave  profile  monit.red  on  the  oscilloscope  and  with  the  pulse 
signal  passing  through  the  gating  device.  The  latter  was  controlled 
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by  an  operator  who  watched  the  slow  varying  carrier  waves  shown 
on  the  scope.  The  gating  device  was  operated  so  as  to  feed  only 
the  light  pulses  from  the  desirable  portion  of  the  carrier-wave 
profile  to  the  pulse  analyzer.  The  tape  was  repeatedly  run  to 
obtain  successively  the  data  for  the  following  portions  of  the 
carrier-wave  profile:  (l)  the  leeward  face,  (2)  the  upper  half 
of  the  leeward  face,  and  (3)  the  upper  half  of  the  windward  face. 
On  the  basis  of  these  three  sets  of  data,  in  addition  to  the 
data  obtained  from  the  entire  carrier-wave  profile,  the  results 
for  all  four  regions  mentioned  earlier  can  be  deduced. 

2. 5  Growth  and  Decay  Measurements 

When  the  tape  was  played  back,  the  number  of  pulses  was  also 
accumulated  on  a  counter.  Unde^  a  steady  wind,  the  accumulation 
of  the  equilibrium-state  data  could  be  started  at  an  arbitrary 
point  of  the  tape.  For  the  wave  growth  and  decay  data,  the  ac¬ 
cumulation  was  started  Immediately  following  the  identification 
signal  indicating  the  instant  when  the  wind  was  either  suddenly 
started  or  completely  stopped.  The  number  of  pulses  accumulated 
on  the  counter  was  sampled  by  a  printer.  The  sampling  rate  can 
be  varied,  with  the  maximum  rate  at  eight  numbers  per  second. 

The  printout  is,  therefore,  the  temporal  accumulation  of  the  fre¬ 
quency  of  occurrence  of  a  given  water-surface  slope  following  the 
change  of  wind  conditions.  For-  each  wind  velocity  this  process 
was  repeated  for  various  water-surface  slopes. 
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3.  WIND  BOUNDARY  LAYER  OVER  PRE-EXISTINJ  WAVES 
3 • 1  Wind-Velocity  Profiles 

The  wind  velocity  profiles  in  the  tunnel  over  the  pre-existing 
regular  waves  are  plotted  in  Figure  2a,  b,  where  u  is  the  wind  ve¬ 
locity  measured  at  the  distance  y  above  the  mean  water  surface. 

Two  series  of  velocity  surveys  were  performed  with  pre-existing 
regular  waves  of  the  same  frequency  but  different  amplitudes. 

Series  (a)  with  larger  wave  amplitudes  is  the  primary  series  under 
which  the  experiments  on  correlation,  and  differential  roughening 
and  smoothing  were  conducted;  series  (b)  is  the  secondary  series, 
which  was  performed  only  to  study  effects  of  pre-existing  waves  on 
the  wind  boundary  layer. 

The  wind  velocity  Is  seen  in  Figure  2  to  follow  the  loga¬ 
rithmic  law  (Schlichting  1968,  Chapter  XIX),  or  to  vary  linearly 
with  the  logarithm  of  the  distance  above  the  water  surface.  The 
wave-induced  air  motion,  however,  is  considerable  near  the  water 
surface  where  the  data  are  greatly  scattered.  This  portion  of  the 
data,  generally  having  a  smaller  gradient,  is  omitted  from  Fig¬ 
ure  2.  The  distorted  region  appears  to  extend  further  away  from 
the  water  surface  for  waves  of  larger  amplitudes.  This  is  not 
only  illustrated  by  the  data  obtained  under  various  wind  veloci¬ 
ties  shown  separately  in  Figure  a,  b,  but  also  from  the  comparison 
of  the  logarithmic  profile  shown  in  Figure  2b  with  that  for  the 
corresponding  wind  velocity  shown  in  Figure  2a. 
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3.2  Effects  of  Pre-Existing  Waves  on  Wind  Boundary  Layer 

The  shear  velocity  (u*)  of  the  wind  and  the  roughness  length 
(k)  of  the  disturbed  water  surface.,  calculated  from  the  velocity 
profile  shown  in  Figure  2,  are  plotted  in  Figure  3a>  b.  The  wind 
velocity  U  shown  in  B’igure  3  is  that  measured  at  2/3  of  the  tun¬ 
nel  height  above  the  mean  water  surface.  The  solid  lines  shown 
in  the  figure  indicate  the  results  obtained  at  the  same  test  sec¬ 
tion  with  wind  blowing  over  initially  calm  water  surface  (Wu 
1973b)*  The  effects  of  pre-existing  waves  on  wind  boundary  layer 
are  better  illustrated  through  the  results  of  the  roughness  length 
than  those  of  the  shear  velocity]  see  Figure  3a >  b.  The  roughness 
length,  which  is  related  to  the  intercept  of  the  wind  profile,  is 
more  sensitive  to  a  small  change  of  the  velocity  gradient  than  the 
shear  velocity,  which  are  related  to  the  slope  of  the  profile. 

Similar  to  earlier  results  with  wind  blowing  over  initially 
calm  water  surface,  the  data  of  shear  velocity  and  roughness 
length  obtained  here  with  pre-existing  waves  are  divided  into  two 
groups  according  to  whether  wind-wave  interaction  is  governed  by 
surface  tension  or  gravity.  The  shear  velocity  increases  gradually 
with  the  wind  velocity  in  the  former  regime,  and  rapidly  in  the 
latter  regime.  The  roughness  length  decreases  with  the  wind  ve¬ 
locity  in  the  former  regime,  and  increases  with  the  wind  velocity 
in  the  latter  regime.  Physically,  these  two  regimes  correspond 
respectively,  to  the  presence  of  parasitic  capillaries,  and  to 
the  occurrence  of  airflow  separation  and  wave  breaking.  Without 
pre-existing  waves,  the  dividing  velocity  of  these  two  regimes  la 
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about  9  m/s.  With  pre-existing  waves,  this  velocity  is  lowered 
to  7  m/s,  at  which  wave  breaking  starts.  In  other  words,  the 
pre-existing  waves  concentrate  the  energy  transfer  from  wind  to 
waves  of  a  particular  length  and  therefore  promote  wave  breaking 
at  its  crest. 

At  low  wind  velocities  in  the  surface-tension  governing 
regime  of  wind-wave  interaction,  the  pre-existing  waves  are  seen 
in  Figure  3b  to  smooth  the  water  surface  hydrodynamically.  With 
pre-existing  waves,  the  carrier  waves  of  parasitic  capillaries 
are  much  longer.  Consequently,  the  number  of  capillaries  per 
unit  area  of  the  water  surface  is  greatly  reduced.  Therefore, 
inasmuch  as  the  capillaries  govern  the  dissipation  of  wave  energy, 
the  water  surface  becomes  smoother  with  long  pre-existing  waves. 
The  surface  with  large-amplitude,  pre-existing  waves  is  seen  in 
Figure  3b  to  be  hydrodynamically  smoother  than  that  with  small- 
amplitude  pre-existing  waves.  Because  the  regularity  of  carrier 
waves  in  the  latter  case  was  somewhat  disrupted  by  the  wind,  short 
gravity  waves  with  parasitic  capillaries  were  observed  superim¬ 
posing  on  long  carrier  waves. 

At  high  wind  velocities  in  the  gravity  governing  regime  of 
wind-wave  Interaction,  the  airflow  separation  from  wind  waves 
occurs  in  the  present  tank  (Wu  1968).  In  this  case,  with  the  wind 
blowing  over  initially  calm  water,  the  roughness  length  was  found 
to  be  comparable  to  the  wave  height.  The  separation  pocket  Is 
likely  to  cover  a  major  portion  of  the  windward  face  of  the  next 
wave.  With  pre-existing  waves,  the  peak  of  carrier  waves  is  again 
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sharply  cusped,  and  the  airflow  separation  from  the  peak  should 
again  occur.  However,  the  separation  rocket,  near  the  cusped  peak, 
although  larger  in  volume  than  that  taking  place  without  pre¬ 
existing  waves,  can  hardly  reach  the  windward  face  of  the  next 
wa-re .  In  other  words,  with  pre-existing  waves,  the  separation 
pockets  are  likely  to  be  further  isolated,  and  the  density  of 
roughness  element  is  therefore  reduced.  Since  the  aerodynamic 
roughness  depends  on  both  the  height  and  the  density  of  the  rough¬ 
ness  elements  (Schlichting  1968,  Chapter  XX),  the  more  widely 
spaced  separation  pockets  due  to  pre-existing  waves  cause  a  re¬ 
duction  of  the  roughness  length.  Consequently,  the  roughness 
length  with  pre-existing  waves  is  smaller  than  the  wave  height. 
Very  little  difference  of  the  roughness  length  is  seen  in  Fig¬ 
ure  3b  between  two  cases  with  pre-existing  waves  of  the  same  fre¬ 
quency  (length)  but  different  amplitudes,  because  for  these  two 
cases  the  roughness  length  is  probably  governed  more  by  the 
spacing  than  by  the  height  of  the  roughness  elements. 

4.  CORRELATION  OF  MICRO-  AND  MACROSCOPIC  STRUCTURES  OF  WIND  WAVES 

The  present  experiment  was  conducted  with  wind  waves  super¬ 
imposed  on  pre-existing  regular  surface  waves.  The  use  of  me¬ 
chanically  generated  waves  is  necessary  not  only  for  the  study  of 
differential  roughening  and  smoothing  to  be  discussed  in  the  next 
section,  but  also  for  the  correlation  study.  Otherwise  it  would 
be  very  tedious  to  apply  the  gating  technique  to  high-frequency, 
Irregular  carrier  waves.  With  wind  blowing  over  pre-existing 
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low- frequency  waves,  on  the  other  hand,  the  carrier  waves  remain 
regular  -ind  the  undulation  of  .the  water  surface  can  be  more  easily 
traced  by  the  operator.  In  other  words,  the  pre-existing  waves 
also  serve  as  the  regulator  for  the  present  correlation  measure¬ 
ments  . 

4 . 1  Slope  Distributions 

The  data  obtained  directly  from  the  tape  include  the  slope 
distributions  of  ripples  riding  ori  the.  tops  of  the  following  por¬ 
tions  of  the  carrier-wave  profile:  (a)  entire  profile,  (b)  leeward 
face,  (c)  upper  half  of  leeward  face,  and  (d)  upper  half  of  wind¬ 
ward  face.  Prom  these  data,  the  slope  distribution  for  ripples 
riding  on.  the.  top  of  the  other  portions  of  the  carrier-wave  pro¬ 
files  can  be  deduced:  (a)  windward-. -face,  (b)  lower  half  of  wind¬ 
ward  face,  and  (c)  lower  half  of  leeward  face.  The  results  for 
four-  different  wind  velocities  are' shown  in  Figure  4,  one  column 
fur  each  wind  velocity.  Each  row  in  Figure  4  indicates  the  data 
obtained  from  the  same  portion  of  the  carrier-wave  profile.  The 
positive  angle  shown  in  the  figure  corresponds  to  a  leeward  slope, 
and  the  negative  angle  corre  ponds  co  a  windward  slope.  The  data 
3hown  in  Figure  4  were  obtained  from  a  one-minute  run  of  the  ex¬ 
periment.  A  smooth  curve  was  fitted  by  eye  to  each  set  of  data  to 
lndlcat.*1  a  faired  slope  distribution. 

Thu  maximum  frequency  of  occurrence  of  water-surface  slope 
should  be  produced  by  the  peak  and  the  trough  of  ripples.  Since 
they  are  tilted  by  the  carrier  waves,  the  peaks  and  troughs  of 
ripples  do  not  have  zero  slopes.  Consequently,  the  slope  dis¬ 
tribution  for  ripples  riding  on  the  leeward  face  of  carrier  waves 
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is  peaked  at  a  positive  angle,  and  that  for  ripples  riding  on 
the  windward  face  is  peaked  at  a  negative  angle.  This  trend  is 
clearly  illustrated  by  the  results  shown  in  Figure  4.  At  low 
wind  velocities  (U  =  4.18,  6.92  m/s),  the  peakedness  of  the  slope 
distribution  for  the  leeward  face  Is  much  stronger  than  that  for 
windward  face  due  to  the  presence  of  parasitic  capillaries  on  the 
leeward  face.  Such  a  difference  disappears  at  high  wind  veloci¬ 
ties,  where  ripples  distributed  more  venly  over  the  leeward  and 
the  windward  faces  of  carrier  waves. 

4.2  Effects  of  Pre-Existing  Waves  on  Mean-Square  Surface  Slope 

The  mean-square  slopes  of  the  disturbed  water  surface  with 
pre-existing  waves  were  determined  from  the  slope  distributions 
shown  on  the  top  row  of  Figure  4.  The  results  are  tabulated  in 
Table  1. 


TABLE  ] 

Mean-Square  Slopes  Measured  with  and 
without  Pre-Existing  Waves 


Wind  Velocity,  U  (m/ s) 

4.18 

6.92 

9.60 

1 1.9, 25  . 

Shear  Velocity,  u*  (m/s) 

0.223 

0.298 

0.683 

1.06 

Mean-Square 

Surface 

Slope 

With 

Pre¬ 

existing 

Waves 

0.0179 

0.0219 

0.0434 

0.052? 

Without 

0.0248 

0.0426 

0.0734 

0.0021 
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The  shear  velocity  shown  in  Table  1  is  the  faired  value  obtained 
from  Figure  3a-  The  mean-square  slopes  of  the  disturbed  water 
surface  without  pre-existing  waves  were  measured  earlier  (Wu 
1972a,  1973c),  and  were  related  to  the  shear  velocity  of  the 
wind.  The  bottom  row  of  Table  1  was  obtained  from  earlier  re¬ 
sults  . 

For  the  same  wind-shear  velocity,  mean-square  slope  with 
pre-existing  waves  is  seen  in  Table  1  to  be  smaller  than  that 
without.  This  is  'n  line  with  the  earlier  discussion  concerning 
the  roughness  length.  With  long  pre-existing  waves,  the  patches 
of  parasitic  capillaries  and  the  zones  of  wave  breaking  are  more 
widely  spaced.  Consequently,  the  density  of  roughness  element, 
or  number  of  ripples  per  unit  area  of  the  water  surface,  is  re¬ 
duced.  In  addition,  there  appears  to  be  a  spectral  gap  with 
ripples  superimposing  long  carrier  waves,  as  waves  of  intermediate 
lengths  are  missing.  The  mean-square  slope  of  the  water  surface 
Is  therefore  reduced,  since  the  roughness  elements  and  short 
carrier  waves  sre  the  major  contributor  of  the  mean-square  slope. 

Even  compared  on  the  basis  of  wind-shear  velocities,  the  up¬ 
wind-downwind  component  of  the  mean-square  water-surface  slopes 
measured  in  laboratory  tanks  were  shown  (Wu  1971a)  to  be  smaller 
than  the  oceanic  results.  This  discrepancy  was  considered  earlier 
to  be  due  In  part,  to  the  narrowness  of  the  tank  limiting  the  de¬ 
velopment  of  the  crosswind  component  of  the  mean-square  slope. 

The  present  results  apparently  suggest  another  contributing  factor 
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of  this  still  not  ful]y  explained  discrepancy.  The  long  carrier 
waves  in  the  open  ocean  may  cause  the  reduction  of  mean-square 
slopes . 

4.3  Distribution  of  Ripples  along  Carrier-Wave  Profiles 

As  discussed  in  the  previous  section,  the  maximum  frequency 
of  occurrence  of  the  water-surface  slope,  or  the  peak  of  the 
slope- distribution  curve,  appears  to  correspond  to  twice  the  num¬ 
ber  of  ripples.  Composite  pictures  showing  the  distributions  01 
ripples  on  various  segments  of  carrier-wave  profiles  at  different 
wind  velocities  are  presented  in  Figure  5*  The  four  numbers  in¬ 
dicated  along  the  wave  profile  are  the  relative  frequencies  of 
occurrence  of  ripples  riding  on  four  respective  segments  of  the 
carrier-wave  profile,  the  numbers  on  top  of  the  profile  are  the 
relative  frequencies  for  the  windward  and  the  leeward  faces,  and 
the  numbers  on  the  right  side  are  those  for  the  upper  and  the 
lower  half  of  the  profile.  At  high  wind  velocities  (U  *  9.$0» 

12.  j  m/s)  the  carrier-wave  profile  becomes  skewed  with  shorter 
leeward  face  and  longer  windward  face.  The  numbers  in  parentheses 
are  the  weighted  values  taking  the  skewness  of  the  carrier-wave 
profile  into  consideration. 

On  the  basis  of  these  composite  pictures,  the  distribution 
of  surface  roughnesses  appear  to  have  the  following  features: 

(a)  At  low  wind  velocities  (U  »  4.18,  6.92  m/s)  of 

the  surface-tension  governing  regime  of  wind-wave 
interaction,  the  leeward  face  of  the  carrier  wave 
is  much  rougher  than  the  windward  face  due  to  the 
presence  of  parasitic  capillaries. 
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(b)  At  high  wind  velocities  (U  =  9.60,  12.25  m/s)  of 
gravity-governing  regime  of  wind-wave  interaction, 
the  general  trend  is  that  as  the  wind  velocity  in¬ 
creases  the  overall  difference  on  roughening  be¬ 
tween  leeward  and  the  windward  faces  becomes  less. 

(c)  In  the  surface-tension  governing  regime  of  wind- 
wave  interaction  at  two  low  wind  velocities,  the 
parasitic  capillaries  are  concentrated  near  the 
upper  half  of  the  leeward  face  at  U  =  4.18  m/s, 
and  move  further  down  the  leeward  face  at  U  *  6.92 
m/s. 

(d)  The  breaking  of  wind  waves  (without  pre-existing 
mechanically  generated  surface  waves)  was  observed 
earlier  (Wu  1971b)  to  occur  on  the  leeward  face 
but  very  close  to  the  wave  peak.  Excessive  rough¬ 
ness  should  therefore  be  concentrated  on  the  upper 
half  of  the  leeward  face  of  the  carrier-wave  pro¬ 
file.  With  pre-existing  waves,  however,  the  rela¬ 
tive  frequency  of  occurrence  of  ripples  on  the 
upper  half  of  the  windward  face  at  U  *  9.60  and 
12.25  m/s  is  seen  in  Figure  5  to  be  greater  than 
that  on  the  windward  face.  This  is  somewhat 
surprising  observations.  It  is  worth  noting  that 
th"  bubbling  of  the  water  surface  and  the  *hree- 
dimensional  type  roughness  accompanying  wave 
breaking  may  escape  the  optical  counting  technique, 
but  not  the  glitter  photography  (Wu  1 9T It). 
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(e)  The  lower  half  of  the  windward  face  is  the 

smoothest  segment  of  the  carrier-wave  profile. 

5.  DIFFERENTIAL  ROUGHENING  AND  SMOOTHING  OF  A  WAVY  SURFACE 

For  a  steady  wind,  the  frequency  of  occurrence  of  a  given 
water-surface  slope  (that  is,  the  rate  of  light  pulses  detected 
by  the  optical  instrument  at  a  given  angle  of  inclination)  for 
an  equilibrium,  random  wind-disturbed  water  surface  should  be 
nearly  constant,  r.  The  equilibrium-state  data  were  discussed 
in  the  previous  section,  and  the  distributions  of  ?  obtained  from 
various  segments  of  the  carrier-wave  profiles  and  under  different 
wind  velocities  are  presented  in  Figure  4, 

In  order  to  study  the  differential  roughening  of  a  wavy 
Surface  by  wind  and  the  differential  decay  of  wind-excited  ripples 
on  a  wavy  surface,  suddenly  started  and  suddenly  stopped  winds 
were  introduced.  The  frequencies  of  occurrence  of  water-surface 
slop  is  wer*  determined  with  the  optical  instrument  both  during 
the  growth  stage  (r  )  following  a  suddenly  started  wind,  and 
during  the  decay  stage  (r^)  following  a  suddenly  stopped  wind. 
Applying  the  same  procedure  as  that  used  earlier  for  the  steady- 
sute  data,  the  growth  and  decay  data  were  first  obtained  from 
certain  portions  of  the  carrier-wave  profile,  and  subsequently, 
the  results  for  the  other  portions  of  the  profile  were  deduced. 

The  data  for  the  growth  stage  were  obtained  from  a  period  of  one 
minute,  and  those  for  the  decty  stage  were  obtained  from  a  period 
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of  30  seconds.  The  sampling  Interval  of  the  printer  Is  one 
second  for  the  growth  stage  and  is  one-half  of  one  second  for 
the  decay  stage. 

5 . 1  Growth  and  Decay  of  Root-Mean-Square  Slopes 

The  values  r  and  r  .  are  the  frequencies  of  occurrence  of 

O  ^ 

a  particular  water-surface  slope  at  a  given  instant  following, 
respectively,  the  sudden  starting  and  the  sudden  stopping  of  the 
wind.  At  any  given  Instant,  the  distribution  of  the  water-sur¬ 
face  slopes  can  be  obtained  by  compiling  the  instantaneous  fre¬ 
quencies  of  occurrence  of  various  slopes.  The  temporal  varia¬ 
tions  of  the  slope-distribution  curves  for  the  growth  and  the 
dec?  t  stages,  not  shown  here,  follow  a  general  pattern;  namely, 
wich  ning  with  time  for  the  growth  stage  and  peaking  with  time 
fc  the  decay  stage.  Details  of  data  analysis  and  of  temporal 
s  ope  distributions  are  similar  to  those  reported  earlier  (W« 
19?3c)  with  wind  blowing  ©vtr  initially  oil,*  water. 

The  variances  of  the  water-surface  slopes  for  ripple®  riding 
on  various  portions  of  the  carrier-wave  profiles  at  various  times 
during  the. growth  and  the  decay  stages  were,  calculated  from  the 
Instantaneous  slope  distributions.  Subsequently,  t re  variances 
were  normalised. with  respect  to  the  value  obtained  from  the  en¬ 
tire  profile  of  carrier  waves  under  steady  wind.  The  temporal 
variations  of  the  normalised  variances  following  the  sudden  start 
and  the  sudden  atop  of  the  wind  are  plotted  as  light  lines  in 
Figures  6  and  ?,  respectively.  The  horizontal  axis  in  both  fig¬ 
ures  Indicates  the  time  t  after  elu*«r  the  sudden  start  or  the 
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sudden  stop  of  the  wind.  Generally,  the  data  illustrates  an 
exponential  growth  and  an  exponential  decay  of  the  water-surface 
slopes  with  time. 

Two  exponential  curves  of  the  following  forms  were  fitted 
the  basis  of  the  least-squares  principles  to  the  wave  growth 
and  decay  data,  respectively: 

j  (so*)*  -  exp(-tAg) 

and  ' 1 * 

/  (1^)*  -  «cp(-tAd> 

(a  *)^  and  are  the  roet-tnean-fequare  slopes  at  time  t 

'.S'  d  — -  i 

during,  respectively,  the  growth  and  th«  decay  stage;  (a  *)* 

is  the  steady  state  root-mean-square  slope)  T  and  T,  are  the 

r*  n 

respective  relaxation  times  for  the  growth  and.  the  de«  ay  of  the 
mean-square  slops.  '  The  fitted  exponential  curves  are  shown  as 
the  heavy  lines  in  Figures  n  and  ?.  The  data  art  seen  in  both, 
figures  to  follow  reasonably  closely  the  fitted  curves.  The  - 
scatter  cf  the  data  can  not  be  avoided  here,  as-  the  interval  be¬ 
tween  data  points  is  only  on~  second. 

*5.2  Effects  of  fire-Exi  sting;  Waves  on  Irowth  and  Decay  of -Ripples 

The  relaxation  times  for  the  growth  and  the  decay  of  ripples 
over  long  pre-existing  waves  were  obtained  from  Figures  *»  and  ?. 
•and  are  tabulated  in  Tsbie  ?.  The  same  times  scales  without  pre¬ 
existing  wives  were  reported  earlier  (*u  l$?3c)f  and  their  values 
for  the  corresponding  wind-shear  velocities  are  also  shown  in 
Table  2. 
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TABLE  2 


Relaxation  Time  Scales  of  Growth  and  Decay  of 
Ripples  With  and  Without  Pre-Existing  Waves 


Wind 


Growth  Time,  T  {sec) 
g 


Decay  Time,  T  (sec) 

G 


Velocity 

U  (m/s ) 

With 

Without 

With 

Without 

Pre-Existing  Waves  j 

4.18 

2.13 

7.7 

93.4 

28 

6.92 

2.32 

4.2 

69.0 

25 

9.60 

3.13 

0.9 

44.6 

17 

j  12.25 

4.17 

0. 1 

_ _ . —  - - 

50.3 

18 

/  time  lag  between  the  sudden  start  of  the  wind  and  the  exponential 
growth  of  root-mean-square  surface  slopes  was  observed  earlier  (Wu 
19732)  in  the  present  tank  without  pre-existing  waves.  Such  a  time 


lag  is  not  seen  in  Figure  6.  The  growth  time  T  shown  in  Table  2 

fe 


for  the  case  without  pre-existing  waves  is  that  obtained  from  the 
earlier  study  with  the  time  for  wind  initiation  delayed  by  the  time 

lag. 

The  growth  times  with  pre-existing  waves  are  seen  in  Table  2 
to  be  shorter  than  those  without  at  low  wind  velocities,  and  longer 
than  those  without  at  high  wind  velocities.  Inasmuch  as  the  shear 
velocities  are  the  same  for  both  cases,  the  difference  is  there¬ 
fore  merely  due  to  the  change  of  surface  wave  structures.  The 
shortened  growth  time  in  the  surface-tension  governing  regime  with 


111" 
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parasitic  capillaries  may  be  due  to  the  fact  that  a  certain  time 
is  required  for  the  carrier  waves  to  develop  from  an  initially 
calm  water  surface  while  the  carrier  waves  already  exist  in  the 
present  experiment.  The  lengthened  growth  time  in  the  gravity 
governing  regime  may  be  explained  in  the  similar  fashion  as  in 
the  previous  section  regarding  the  effects  of  pre-existing  waves 
on  the  mean-square  slopes.  The  results  at  high  wind  velocities 
may  be  applicable  to  the  oceanic  condition,  while  the  condition 
for  the  low  wind  velocities  may  exist  only  in  laboratory  wind- 
wave  tanks  (Wu  1970)- 

The  decay  times  with  pre-existing  waves  are  seen  in  Table  2 
to  be  much  longer  than  those  without  for  all  wind  velocities. 

This  is  apparently  due  to  the  slow  damping  of  long  carrier  waves, 
and  very  active  wave-wave  interaction  with  ripples  deriving  energy 
from  long  carrier  waves. 

5 . 3  Differential  Roughening  and  Smoothing  of  Wavy  Surfaces 

The  growth  and  decay  times  for  various  segments  of  the 
carrier-wave  profiles  were  obtained  as  discussed  previously  and 
are  tabulated  in  Table  3>  The  general  trends  of  the  results  are: 

(1)  There  is  no  systematic  indication  of  differential 
roughening  of  the  windward  and  the  leeward  faces 
in  either  surface  tension  or  gravity  governing 
regime  of  wind-wave  interaction. 

(2)  At  the  lowest  wind  velocity,  the  growth  time  is 
the  longest  for  the  upper  half  of  leeward  face, 
where  parasitic  capillaries  are  concentrated. 
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At  the  highest  wind  velocity,  the  growth  is  again 
the  longest  for  the  same  segment  of  the  wave  pro¬ 
file,  where  violent  wave  breaking  takes  place. 
These  trends  are  also  true  for  the  other  wind  ve¬ 
locities  . 


TABLE  3 

Relaxation  Times  for  Ripples  Riding  on  Various 
Portions  of  Carrier-Wave  Profiles 


Relaxation  Time  (sec) 

Growth  Time, 

T 

g 

Decay  Time, 

Wind  Velocity,  U(m/s) 

4.18 

6.92 

9.60 

12.25 

4.18 

6.92 

9.60 

12.25 

Entire  Profile 

2.13 

. 

2.32 

3.13 

4.17 

93-4 

69.0 

44.6 

50.5 

Leeward  Face 

3.14 

2.09 

3.09 

4.19 

94.5 

74.4 

42.2 

41.5 

in 

<L) 

Windward  Face 

1.33 

3. 

1 , 2'! 

4.  1? 

R7 .  4 

57.5 

47.4 

58.6 

■H 

u 

u 

GJ  O 
O  ■— 1 

Upper  Half 

Leeward  Face 

4.02 

2. 12 

3.31 

7.34 

125.5 

48.7 

32.6 

19.5 

•H 

0  0 

Lower  Half 

Leeward  Face 

1.12 

1.18 

1. 12 

2.  22 

82.7 

86.5 

48.6 

97-5 

■S  a) 
■p  > 

U  ca 

0  £ 

Upper  Half 

Windward  Face 

2.22 

4.15 

3.42 

3. 14 

53.3 

56.5 

47.0 

22.7 

Lower  Half 

Windward  Face 

1.92 

2.62 

2.12 

4.52 

87.0 

88.0 

96.0 

62.7 

cu 

(3)  The  lower  half  of  the  leeward  face  is  seen  to  pro¬ 
vide  the  fastest  response  of  the  wind  excitation. 

(4)  Opposite  trends  are  seen  at  low  and  high  wind  ve¬ 
locities  for  the  differential  smoothing  of  the  lee 
ward  and  the  windward  faces.  However,  it  is  not 
clear  why  this  is  the  case. 
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(5)  The  lower  half  of  the  windward  face  appears  to  have 
the  fastest  decay  of  ripple  energy. 

6.  CONCLUDING  REMARKS 

The  results  obtained  from  the  present  experimental  studies 
are  summarized  below: 

(1)  Effects  of  Pre-Existing  Waves  on  Wind  Boundary 
Layer  and  Micro structure :  The  effects  of  long 
pre-existing  waves  on  the  structures  of  wind  and 
ripples  are  consistent.  Compared  on  the  basis  of 
the  wind-shear  velocity,  the  roughness  length  of 
the  wind  boundary  layer  and  the  mean-square  slope 
of  the  water  surface  are  smaller  with  pre-existing 
waves  than  without.  The  reduction  of  mean-square 
slope  by  long  carrier  waves  appear  to  provide  a 
probable  explanation  of  why  the  laboratory  deter¬ 
mined  values  are  larger  than  oceanic  ones,  again 
compared  on  the  basis  of  the  wind-shear  velocity. 

(2)  Correlation  of  Micro-'  and  Macrostructures:  The 
slope  distributions  of  ?'ipples  on  various  segments 
of  the  carrier-wave  profiles  are  skewed.  In  the 
surface-tension  governing  regime  of  wind-wave 
interaction,  the  leeward  face  is  much  rougher  than 
the  windward  face.  The  parasitic  capillaries  are 
concentrated  on  the  upper  half  of  the  leeward  face  at 
a  lower  wind  velocity,  and  move  further  downward 
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at  higher  wind  velocities.  In  the  gravity 
governing  regime,  the  difference  In  roughness 
between  the  leeward  and  the  windward  faces  becomes 
smaller.  However,  the  roughness  on  the  windward 
face  is  concentrated  on  the  upper  half  of  the  wave 
profile;  the  lower  half  of  the  windward  face  is  the 
smoothest  segment  of  the  long  wave  profile.  These 
observations  may  be  helpful  for  setting  the  viewing 
angle  of  the  microwave  sensors,  and  for  interpreting 
the  results  of  the  microwave  measurements. 

(3)  Differential  Roughening  and  Smooth!  ■  of  Long 
Surface  Waves:  Small  differences  in  roughening 
and  smoothing  of  various  segments  of  the  carrier- 
wave  profile  were  found.  An  Important  finding  in 
this  part  of  the  study  is  that  pre-existing  waves 
affect  the  growth  and  the  decay  time  scales  of 
mean-square'  surface  slopes,  especially  those  at 
high  wind  velocities.  The  wind  and  wave  condi¬ 
tions  at  high  wind  velocities  are  similar  to  oceanic 
conditions.  The  relaxation  time  scales  are  found 
to  be  much  longer  with  than  without  the  presence 
of  long  carrier  waves.  The  presence  of  long  waves 
eliminates  wave  components  of  intermediate  lengths 
and  extracts  the  energy  introduced  by  the  wind 
through  ripples.  These  results  are  believed  to  be 
important  for  studying  wind-wave-current  inter¬ 
actions  . 
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FIGURE  2  -  VELOCITY  DISTRIBUTIONS  OF  WIND  BLOWING  OVER 
PRE-EXISTING  WAVES  OF  LARGE  AMPLITUDE  {  a  >  Ah© 
OF  SMALL  AMPLITUDE  (  b  ).  In  each  Nock  the  profiler 
were  obtained  from  bottom  to  top  at  the  order  of  Inc  rear¬ 
ing  frees tream  wind  velocities. 


FIGURE  3  -  SHEAR  VELOCITIES  AND  ROUGHNESS  LENGTH  OF  WIND 
OVER PMM9CISTNG  WAVES  OF LARGE  AMPLITUDE  (•) 
AND  OF  SMALL  AMPLITUDES  (O).  Tfc*  wild  II tm  Indlcot* 
Hw  multi  obtaiotd  •orllur  (1973  b )  without  pn^iiHflg 
wovu » 


Frequency  of  Cceurrerce  of  Wcter-Sorfoce  Slop*  (  1/s  ) 
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U  *  4. 18  m/s 


6.92  9.60  12.25 


Woler- Surface  Slop*  (degree* ) 

nouii  4  -  store  otsrtiauTiON  or  nrms  riding  on  various  portions 

or  CAMtCR-WAVC  MtORUES.  The  dole  we»*  obtained  from  the  W los¬ 
ing  portions  of  the  carrier-wove  profiler  ( I )  withe  profile  ,< tl  )U*woid 
face,  (  HI )  windward  face.  ( IV  )  upper  half  of  leeward  face,  (V) 
fairer  Mf  of  leeward  face,  ( VI )  uppw  half  of  windward  face,  (VII) 
tower  half  of  windward  face 


Ti«*,  t  (see) 

nOUHf  7  -  EXPONENTIAL  DECAY  OP  HOOT-MEAN-SQUAK  SLOPE 
FOLLOWING  A  SUOOCN  WIND  STOPPAGE.  TUrwnM- 
btr  thown  on  the  right  tide  of  the  figure  U  the  tome  «  that 
imfi coted  l«i  Rgurv  A 
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